CONTEXT: Computerized physician order entry (CPOE) with clinical decision support (CDS) has been promoted as an effective strategy to prevent the development of a drug injury defined as an adverse drug event (ADE).
INTRODUCTION
Computerized physician order entry (CPOE) has been defined as an electronic application used by physicians to order drugs, laboratory tests, and requests for consultations, 1 ensuring that all orders are legible and complete. 2 Clinical decision support (CDS) encompasses a wide range of computerized tools directed at improving patient care, including computerized reminders and advice regarding drug selection, dosage, interactions, allergies, and the need for subsequent orders. 3 CPOE linked with CDS has been promoted as having great potential for reducing medication errors and adverse drug events (ADEs). [4] [5] [6] [7] [8] Clinical decision support can provide either basic (e.g., drug-allergy checking) or advanced (e.g., drug dosing support for renal insufficiency) guidance to the prescriber. 8 The implementation of CPOE with CDS can be a challenging process necessitating careful planning, pilot-testing, and training, as well as appropriate policy and process changes, sufficient infrastructure, and continuous updating and revisions. [8] [9] [10] [11] [12] [13] Adverse drug events are defined as drug-related injuries to patients. 7 Preventable ADEs are the subset of these injuries that are associated with errors that occur during the ordering, administering, dispensing, and monitoring of drugs and were deemed to have been preventable. 7 Many preventable ADEs occur in the hospital, 14, 15 ambulatory, 16, 17 and long-term care (LTC) settings, 7 accounting for substantial health care costs. [18] [19] [20] A 2007 report from the Institute of Medicine on medication errors estimated that between 380,000 and 450,000 preventable ADEs occur annually in the hospital setting, resulting in a cost of $3.5 billion annually in the United States. 21 With the inclusion of estimates from ambulatory and long-term care setting, this report projected that over 1.5 million preventable ADEs occur annually in the United States. 21 Much of the research relating to CPOE with CDS has evaluated the process that leads to the development of an adverse event. For example, studies have evaluated potential adverse events (e.g., penicillin being prescribed to an individual with a penicillin allergy) as the outcome measure or the role of CPOE with CDS on changing physicians' behavior (e.g., prescribing penicillin, receiving an alert identifying this as a potential prescribing error, and discontinuing the penicillin) as the outcome. More important than measuring the effects of CDS on processes of care are its effects on patient outcomes, specifically drug-related injuries. Accordingly, we conducted a systematic review to examine the evidence documenting the relation between CPOE with CDS on the development of an ADE as the outcome measure.
METHODS

Search Strategy
We conducted a systematic review to identify all Englishlanguage original investigations that evaluated the benefit of CPOE with CDS on the development of an ADE as an outcome measure. We used a 3-step process to identify original investigations for inclusion in our sample as outlined in Figure 1 . First, we searched MEDLINE using PUBMED (from 1966 to March 2007) using all fields for the following MeSH terms: Medical Order Entry Systems or Decision Support Systems, Clinical or Drug Therapy or Medication Errors. We then searched the following textwords: Physician Order Entry or CPOE or POE or CDS or Adverse Effects of Drug Therapy. A total of 543 citations were identified for further review by two of us (S.K. and M.T.). Second, we obtained all of the available abstracts and excluded those that were not original investigations (i.e., 72 citations without an abstract as these were unlikely to represent original investigations and 58 review articles), case reports (n=29), cost benefit analyses (n=21), and those that focused on CPOE or CDS but where ADE was not an outcome measure (e.g., management, system characteristics, guidelines, medication errors, changes in physician behavior; n=356). A total of 7 original investigations were identified for inclusion. Finally, we searched the reference list of these 7 original investigations and identified 3 additional studies meeting our criteria. These new original investigations were not identified by our search strategy because they were published before 1998, which was before the MeSH heading "decision support systems" was introduced.
Data Abstraction and Analysis
Study Characteristics
The original investigations were grouped into 3 broad categories based on the setting of care: hospital care, ambulatory care, or long-term care. Studies were further characterized as to whether a focus was placed on a specific patient population (i.e., pediatric, older adults, or intensive care. 
Clinical Decision Support
The type of CPOE/CDS system was classified as homegrown or commercially sold. Homegrown systems were defined as systems developed internally by the clinical entities in which they were being used. Commercially sold systems were products purchased from a software developer that may have been modified for use in a particular clinical setting. We identified the type of drug categories being targeted with the CDS. These categories were classified as: general (e.g., all drug orders) or specific (e.g., antibiotics or psychotropic medication orders).
The studies were evaluated to determine whether the CDS system was basic or advanced using the approach outlined by Kuperman et al. 8 Basic CDS systems performed drug-allergy checking, basic dosing guidance, formulary decision support, duplicate therapy checking, and drug-drug interaction checking functions. Advanced CDS systems performed more complex functions including dose adjustment for renal insufficiency, guidance for medication-related laboratory testing, drug-disease contraindication checking, and drug-pregnancy checking.
ADE Capture
We described the data sources and the process used to capture ADEs. Data sources that were used to identify possible ADEs included medical records, incident reports, signals from abnormal serum drug levels (e.g., digoxin toxicity), abnormal laboratory value (e.g., elevated potassium level), pharmacy orders for possible antidotes (e.g., kayexalate), and information on possible ADEs solicited from staff. We also described the process used to adjudicate ADEs. This could be an ADE identified by a computer alert or could be an ADE that was identified as part of a formal review process such as has been described by Bates et al. 15 ADEs were considered to be preventable if they were caused by an error or were classified as preventable using a standard approach. 15 We summarized the effect of CPOE with CDS implementation on the rates of ADEs.
Quality Scoring
We used the approach outlined by Downs et al. 22 to assess study quality as this approach can be used to assess both randomized and observational study designs. This quality assessment included 10 items related to reporting, 3 items related to external validity, 7 items related to internal validitybias, and 6 items related to internal validity-confounding. For 25 of the 26 items, a score of 1 point was assigned if the item was present. One item in the reporting section was assigned 2 points. Accordingly, the maximum score that could be obtained for an original investigation was 27. Quality scores were independently obtained by two of us (S.K. and W.W.). The initial agreement between the reviewers was 79%. All differences were subsequently resolved with discussion.
RESULTS
Setting, Type of Care Provided, and Study Design
We identified 10 studies that evaluated the effect of CPOE with CDS on ADEs for inclusion in our sample as outlined in Table 1 . [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] Nine were performed in hospital settings: 3
hospital-wide CPOE with CDS, 23,24,28 1 focused on older patients, 30 1 specific to pediatric patients, 32 4 evaluated patients in the intensive care unit setting (ICU). [25] [26] [27] 29 One study was performed in the ambulatory care setting. 31 No studies were performed in the long-term care setting. None of the identified studies were randomized controlled trials (RCTs). 27 The quality of the studies was relatively good with scores ranging from 13 to 20 (mean = 17, SD = 2.7). Of the 10 studies, 7 evaluated homegrown CPOE with CDS systems 23, 24, [26] [27] [28] [29] [30] and 3 studies used commercially sold systems. 25, 31, 32 Four of the studies were conducted using the LDS HELP system, 26-29 and 3 were conducted using the Brigham Integrated Computing System (BICS).
23,24,30
Effect of CPOE with CDS on ADEs
Hospital Care
Hospital-wide CPOE with CDS implementation Evans et al. 28 prospectively evaluated the prevention of ADEs with a computer alert program that provided alerts of drug allergies at the time of drug ordering. The study used a quasiexperimental pre/post design and found a significant reduction in the rate of ADEs due to allergic reactions from 56 in the 1-year baseline period to 8 and 18 during 2 subsequent 1-year study periods that incorporated CPOE with CDS (P<.002). There were no ADEs in years 2 and 3 of the study in patients whose drug allergies were known and displayed compared with 13 in the first year when known drug allergies were not displayed. Severe ADEs were significantly reduced from 41 in the first study period to 12 and 15 during the 2 CPOE implementation periods (P<.001). Bates et al. 23 assessed the effectiveness of CPOE with CDS for reducing preventable ADEs. The investigators reported a nonsignificant reduction of 17% in preventable ADEs during the intervention period (P=.37). A second study by Bates et al. 24 demonstrated a reduction in the rates of both total ADEs and preventable ADEs per 1,000 patient-days. The trend in total ADEs nonsignificantly fell from 14.7 to 9.6 between the baseline and the third study period (P = .09), and the trend in preventable ADEs significantly decreased from 2.9 in the baseline period to 1.1 in the third study period (P=.05).
Older patients Peterson et al. 30 evaluated the implementation of a CDS system for patients 65 years of age or older on the rate of ADEs measured as fall-related injuries per 100 patientdays. Fall injuries were nonsignificantly reduced from 0.17 per 100 patient-days in the 2 baseline periods to 0.06 per 100 patient-days in the 2 intervention periods (P=.09).
Pediatric patients Upperman et al. 32 evaluated the effect of a CPOE system with CDS implemented at the Children's Hospital of Pittsburgh on the rates of ADEs and medication errors. There was no significant change in the rate of total ADEs between baseline and intervention periods, but there was a significant reduction in harmful ADEs per 1,000 doses from 0.05±0.017 in the baseline period to 0.03±0.003 in the intervention period (P=.05).
Intensive care unit patients Evans et al. 26 evaluated the effects of a CDS system in the ICU setting. This study found a nonsignificant decrease in the number of antibiotic-related ADEs from 15 ADEs (2.4% of all control patients) in the baseline period to 3 ADEs (0.9% of all study patients) in the intervention period (P=.164). A second study by Evans et al. 27 assessed whether a CPOE system with CDS could improve patient care when prescribing antiinfective agents. CPOE with CDS significantly reduced the number of adverse drug reactions to antiinfective agents from 28 in the baseline period to 4 in the intervention period, a reduction of over 70% (P=.018). Colpaert et al. 25 reported a significant reduction in the rate of total ADEs per 100 drug orders from 1.0 in a paper-based unit to 0.15 in a computer-based unit consisting of CPOE with CDS (P<.01). Pediatric intensive care unit patients Mullett et al. 29 evaluated the impact of a CDS used to determine antiinfective drug therapies in a pediatric ICU. The investigators found no significant change in the number of ADEs attributable to antiinfective agents during the intervention period.
Ambulatory Care
Clinic-wide CPOE with CDS implementation Steele et al. 31 investigated the use of CPOE with CDS in a medical outpatient clinic for reducing medication errors and ADEs. The study demonstrated a nonstatistically significant reduction from 12 ADEs in the baseline period to 2 in the intervention period (P=.35). Table 2 describes the type of CDS that was being evaluated and outlines the data sources used to identify ADEs and the process that was used to determine whether an ADE occurred. Eight of the studies used multiple sources of data to identify possible ADEs. [23] [24] [25] [26] [28] [29] [30] [31] These ranged from studies that used only medical records to identify possible ADEs to studies that used medical records, incident report, and solicited informa- 25, 26, 30, 31 Formal processes were used to determine whether ADE occurred. These included adjudication of ADEs by 2 trained physician reviewers and classification of events using standard criteria in 2 studies 23, 24 and use of the Narajno classification system to identify ADEs in 2 studies. Table 3 summarizes the features of the CDS system and classifies them into whether these features are consistent with a basic or advanced CDS. All of the studies used CDS systems that incorporated drug-allergy checking, a criteria for basic CDS. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] Two studies used CDS systems that included all 5 components of basic CDS. 24, 30 Six studies used CDS systems with 4 components of basic CDS, but did not feature duplicate therapy checking. 23, [25] [26] [27] 29, 32 One study used a CDS system that did not contain formulary decision support or duplicate therapy checking, 31 and 1 study used an extremely basic CDS system that included only drug-allergy checking. 28 None of the studies of adult patients used CDS systems that contained drug-pregnancy checking, a feature of advanced CDS. Five studies used CDS systems with 2 or more features of advanced CDS, [25] [26] [27] 29, 30 4 studies incorporated only 1 feature of advanced CDS, 23, 24, 31, 32 and 1 study had none of the criteria for advanced CDS.
ADE Capture
28,31
CDS Features
28
COMMENT
Three systematic reviews have summarized the effects of CPOE and CDS on practitioner performance and patient outcomes, 3, 33, 34 focusing on changes in prescribing practices, 3 hospital length of stay, 33 and costs of stay. 34 None of these reviews have focused specifically on ADEs as the outcome of interest. Through our comprehensive search, we identified 10 articles for inclusion in this review. Five of the 10 studies reported a statistically significant (P≤.05) reduction in the number of ADEs through the us e of C POE with CDS. 24, 25, 27, 28, 32 Another 4 studies showed a trend towards a reduction in the rate of ADEs with CPOE and CDS, but these did not achieve statistical significance. 23, 26, 30, 31 Only 1 study reported no effect on the number of ADEs when a CPOE with CDS was implemented. 29 Our review demonstrates that 70% of the studies evaluating the rates of ADEs used homegrown CPOE with CDS systems. Customization is required to make a CPOE with CDS system work for a specific environment. Accordingly, it is understandable that most of the systems evaluated in our study were homegrown. A successful system often requires input from all of the staff members who will use the system (e.g., nurses, physicians, and pharmacists) and can take years to develop. 4 Results from 7 studies evaluating homegrown CPOE with CDS systems demonstrated statistically significant reductions in ADEs in 3 studies, 24, 27, 28 nonstatistically significant reductions in ADEs in 3 studies, 23, 26, 30 and no effect on ADEs in 1 study. 29 Since 2003, only 3 published studies assessing the effect of CPOE with CDS on ADEs have evaluated commercial systems. 25, 31, 32 Of these, 2 studies found a statistically significant decrease in ADEs. 25, 32 The third study showed a nonstatistically significant reduction in ADEs. 31 Accordingly, we know relatively little about the benefit of commercially developed CPOE/CDS systems on reducing ADEs. Our results are similar to a previous systematic review, which concluded that more research was needed to evaluate commercially sold CPOE systems. 3 Knowing more about the benefit of commercially developed CPOE/CDS systems will be increasingly important for health care settings planning to select and implement CPOE/CDS system in the future. We demonstrate that there is considerable variability in the way that ADEs are captured across the studies. Using multiple sources of data as have been done in studies included in our sample will make it more likely that ADEs will be captured. The studies were evaluated to determine whether the CDS system was basic or advanced using the approach outlined by Kuperman et al. 8 Basic medication-related decision supports include drug-allergy checking, basic dosing guidance, formulary decision support, duplicate therapy checking, and drug-drug interaction checking. Advanced medication-related decision supports include dosing support for renal insufficiency and geriatric patients, guidance for medication-related laboratory testing, drug-pregnancy checking, and drug-disease contraindication checking. *No study provided drug-pregnancy check.
Further different approaches are being used to determine whether ADEs occurred. At present, these approaches are very labor intensive requiring collection of data on events that may represent ADEs from multiple sources, presentation of these cases to groups of 2 trained reviewers, and classification of these events using standard criteria. 15 This may in part explain why relatively few studies have used ADE as their outcome measure. We identified no RCTs in our systematic review. Whereas RCTs are considered to be the gold standard in terms of study design, they are difficult to conduct in this context. When CPOE is being implemented in a clinical setting, it is often not possible to limit this to only some groups of patients. Despite the difficulty, it is important to know if the CDS rules work. RCT designs, potentially involving cluster randomization techniques, need to be considered to provide the best evidence to foster the development and implementation of these systems. 35 Studies that evaluate the efficacy of CPOE with CDS have been conducted predominantly in hospital settings. While there have been descriptions of the development of CPOE with CDS, 36 changes in physician's behavior, 37 and the rates of ADEs in the long-term care setting, 7 no study has reported on the effectiveness of CPOE with CDS in reducing ADEs. Elderly patients often take multiple medications and are at an increased risk of ADEs. 37, 38 Long-term care facilities may benefit from CPOE with CDS if computerized entry can be proven to reduce ADEs. Future studies should focus on examining the benefits of CPOE with CDS across clinical settings.
Limitations
Many studies performed to evaluate CPOE with CDS were not eligible for inclusion in our systematic review because they did not include a comparison group. Researchers must incorporate adequate control arms into their studies or a valid assessment of the benefits and potential risks associated with these interventions may not be possible. Some of the studies included in our systematic review were published more than 10 years ago and the CDS systems they were evaluating were relatively simple. Clinical decision support systems being used in future studies will be more sophisticated and more likely to be consistent with newly created standards. Furthermore, 7 of 10 studies included in our sample were conducted using 1 of 2 CPOE systems further restricting the generalizability of our results. 23, 24, [26] [27] [28] [29] [30] 
CONCLUSION
Only 10 studies have evaluated the effect of CPOE with CDS on reducing ADEs, and half of these found a significant reduction in the number of ADEs. None of the studies were RCTs. The medical settings in which CPOE with CDS have been studied have focused on the hospital. No studies were conducted in the longterm care setting. Future research should focus on the full range of clinical settings in which CPOE with CDS may be employed.
